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CDK Phosphorylation of Drc1
Regulates DNA Replication in Fission Yeast
13]. These observations prompted an investigation of
fission yeast Drc1 and its possible connection to Cdc2.
We first investigated the drc1 knockout phenotype.
Eishi Noguchi, Paul Shanahan,
Chiaki Noguchi, and Paul Russell1
Department of Molecular Biology and
Department of Cell Biology Genomic drc1 was replaced with the kanr gene in a
strain that contained a plasmid copy of drc1. This plas-The Scripps Research Institute
La Jolla, California 92037 mid contained the thymidine kinase (TK) gene, permit-
ting counterselection against the plasmid with FUdR, a
nucleotide analog [14]. The drc1::kanr strain was unable
to grow in FUdR-containing media, whereas an drc1Summary
strain that contained the same plasmid formed colonies
in FUdR media (Figure 1B). These findings showed thatCyclin-dependent kinases (CDKs) are absolutely re-
drc1 is an essential gene, a fact confirmed by tetradquired for DNA replication in eukaryotic cells [1, 2].
analysis of a drc1/drc1::kanr diploid (data not shown).CDKs are thought to activate one or more replication
A mutagenesis protocol was used to isolate drc1 tem-factors, but the identities of these proteins are un-
perature-sensitive alleles. These mutants arrested divi-known. Here we describe fission yeast Drc1, a protein
sion as elongated cells (Figure 1C), although at laterrequired for DNA replication that is phosphorylated
time points abnormal mitotic divisions were evident. Ap-by Cdc2. Drc1 depletion leads to catastrophic mitotic
proximately 18% of drc1-1 and drc1-2 cells had a sub-divisions with incompletely replicated DNA, indicating
2C DNA content at the permissive temperature of 25Cthat Drc1 is required for DNA synthesis and S-M repli-
(Figure 1D). This value increased to 25% after 3 hrcation checkpoint control. Drc1 associates with Cdc2
incubation at restrictive temperature (36.5C) but did notand is phosphorylated at the onset of S phase when
increase further upon longer incubation (Figure 1D). WeCdc2 is activated. Mutant Drc1 that lacks CDK phos-
also investigated whole chromosomes by pulsed-fieldphorylation sites is nonfunctional and fails to interact
gel electrophoresis (PFGE) analysis (Figure 1E). Thiswith Cut5 replication factor. These data suggest that
analysis showed that chromosomes from drc1-1 andCdc2 promotes DNA replication by phosphorylating
drc1-2 cells had a reduced capacity to enter the gel atDrc1 and regulating its association with Cut5.
both permissive and restrictive temperature (Figure 1E).
These findings were consistent with the idea that drc1-1
Results and Discussion and drc1-2 cells had a higher proportion of partially
replicated chromosomes, indicative of a defect in pro-
Genome duplication is precisely regulated by CDKs, gression through S phase.
which bring about the onset of S phase by activating We suspected that drc1-1 and drc1-2 alleles were not
replication origins and then prevent relicensing of ori- fully defective at restrictive temperature. To investigate
gins until mitosis is completed [1, 2]. Several replication Drc1 function further, the genomic copy of drc1 was
proteins are inhibited or destabilized by CDK phosphor- placed under the control of the thiamine-repressible
ylation [2, 3], but replication factors that are activated nmt81 promoter. Drc1 depletion, accomplished by addi-
by CDKs have eluded identification. To identify new CDK tion of thiamine, led to the appearance of cells with a
substrates involved in DNA replication, we surveyed the 1C or sub-1C DNA content (Figure 1F). The appearance
Schizosaccharomyces pombe genome for encoded of sub-1C cells coincided with several catastrophic mi-
proteins that have multiple close matches to S/T-P-K/ tosis phenotypes (Figures 1G and 1H). These pheno-
R-K/R, the optimum motif for CDK phosphorylation [4]. types included “cut” cells in which nuclear DNA was
This survey highlighted Drc1, a 337 amino acid protein bisected by the cell division plate, segregation of nuclear
that shares20% sequence identity to Drc1/Sld2 of the DNA to one daughter, and anucleate cells (Figures 1G
budding yeast Saccharomyces cerevisiae [5, 6]. Drc1 and 1H). Depletion of Cdc18 causes similar phenotypes
has 11 potential CDK phosphorylation sites (S/T-P), five [15]. These findings indicated that fission yeast Drc1,
of which closely match the preferred CDK motif (Figure like its counterpart in budding yeast, is required for DNA
1A). Budding yeast Drc1/Sld2 is required for DNA repli- replication and suggested that Drc1 might also have
cation and plays a role in checkpoint signaling of stalled a role in the S-M replication checkpoint that prevents
replication forks [5, 6]. It associates with Dpb11, an mitosis when cells are unable to complete DNA synthe-
essential replication factor identified as a multicopy sup- sis [16].
pressor of mutations in DNA polymerase  [7, 8]. Re- The similar phenotypes caused by Cdc18 and Drc1
markably, Drc1/Sld2 has five close matches to the opti- depletion and the fact that both proteins have clusters
mum CDK motif and an additional six S/T-P sites (Figure of CDK phosphorylation motifs prompted a comparison
1A). The abundance of CDK consensus sites in Drc1/ of phenotypes caused by overexpression of Cdc18 and
Sld2 proteins was reminiscent of fission yeast Cdc18 Drc1. Overproduction of Cdc18 causes cell cycle arrest
and budding yeast Cdc6, origin licensing factors whose and rereplication [10, 15, 17]. Expression of GST-tagged
degradation is accelerated by CDK phosphorylation [9– Drc1 from a single integrated copy of nmt1:GST-drc1
arrested cell division (Figure 2A). Division arrest was
delayed relative to cells that expressed GST-Cdc18 but1Correspondence: prussell@scripps.edu
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Figure 1. Drc1 Contains CDK Phosphorylation Site Motifs and Is Essential for Replication and Possibly S-M Replication Checkpoint
(A) Fission yeast Drc1 (Drc1Sp) and budding yeast Drc1/Sld2 (Drc1Sc) (GenBank accession numbers CAB11071 and CAA81948, respectively)
have clusters of CDK phosphorylation site motifs. S/T-P sequences are indicated by vertical lines. Open circles indicate close matches to
the optimum motif for CDK phosphorylation (S/T-P-K/R-K/R).
(B) PR109 (WT; drc1 [pDrc1-TK-ade6]) but not PS2679 (drc1; drc1::kanr [pDrc1-TK-ade6]) cells formed colonies in FUdR media.
(C) Wild-type and drc1-1 cells were photographed during growth at 25C or after 3 hr incubation at 36.5C.
(D) DNA content (linear scale) in drc1, drc1-1, and drc1-2 cells was analyzed after 3 hr incubation at 36.5C.
(E) PFGE analysis of chromosomes from wild-type and mutant cells incubates at permissive (L) or restrictive temperature (H). Wild-type cells
were also treated with hydroxyurea (HU).
(F–H) Drc1 was depleted by addition of thiamine (B1) to PS2773 (drc1::kanr nmt81:drc1-2HA6His) cells. DNA content was analyzed by flow
cytometry (F); cells were scored for normal, long (cell division delayed), or abnormal mitosis phenotypes (G); representative cells stained with
DAPI (H).
was nevertheless quite potent. Flow cytometry analysis Cdc18 contained 8C DNA content after 24 hr. GST-
Drc1 overproduction did not appear to cause rereplica-showed that GST-Cdc18 expression caused a large in-
crease in DNA content (Figure 2B). Derepression of the tion (Figure 2B). The slight rightward shift of the DNA
content peak at the 24 hr time point was probablynmt1 promoter occurs 12–16 hr after removal of thia-
mine, and we estimated that cells expressing GST- caused by cell elongation.
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Figure 2. GST-Drc1 Overexpression Arrests Division by a Checkpoint-Independent Mechanism
(A) AL1853 (nmt1:GST), AL1854 (nmt1:GST-cdc18), and PS2797 (nmt1:GST-drc1) were grown on nmt1-inducing agar media (–B1) and photo-
graphed.
(B) DNA content (log scale) was analyzed with cells of the same strains grown in liquid –B1 media.
(C) PR109 (WT), NB2117 (cds1), KS1452 (chk1), or NR1826 (rad3) cells transformed with pPAS105 (nmt1:GST-drc1) were grown on –B1
agar media and photographed.
(D) DNA content was analyzed with cells of the same strains grown in liquid –B1 media.
Division arrest caused by overexpression of a DNA lated GST-Drc1 was detected as a diffuse series of
bands, indicating that GST-Drc1 was phosphorylated atreplication factor might occur through activation of the
S-M DNA replication checkpoint or the DNA damage several positions (Figure 3B). To evaluate if GST-Drc1
was phosphorylated by associated Cdc2, GST-Rum1checkpoint [17]. These checkpoints inhibit Cdc2 by con-
trolling Cdc25 and Mik1, enzymes that regulate the in- was expressed in bacteria and added to the kinase
assay [20]. Rum1 inhibits Cdc2 in vivo and is phosphory-hibitory tyrosine-15 phosphorylation on Cdc2 [18]. To
understand how GST-Drc1 expression arrests division, lated by Cdc2 in vivo and in vitro [21]. GST-Rum1 was
extensively phosphorylated when incubated with GST-GST-Drc1 was expressed from a multicopy plasmid in
several checkpoint mutants. These strains were defec- Drc1 complex (Figure 3B), consistent with studies show-
ing that Rum1 is a Cdc2 substrate. GST-Rum1 substan-tive for the DNA damage checkpoint kinase Chk1, the
replication checkpoint kinase Cds1, or the Rad3 check- tially decreased phosphorylation of GST-Drc1 in vitro
(Figure 3B). These findings provided strong evidencepoint kinase that controls both Chk1 and Cds1 [18].
GST-Drc1 overexpression arrested cell division with that GST-Drc1 coprecipitates with active Cdc2.
Having garnered evidence that active Cdc2 associ-very similar kinetics in wild-type and all the checkpoint
mutant strains (Figures 2C and 2D). GST-Drc1 overex- ates with Drc1 in vivo and Drc1 is phosphorylated by
coprecipitated Cdc2, we explored whether Drc1 phos-pression therefore inhibits mitosis by a mechanism that
does not require checkpoints. phorylation correlated with the onset of S phase, the
point in the cell cycle at which Cdc2 is first activatedGST-Cdc18 is thought to be able to inhibit mitosis by
binding to Cdc2 [10, 17, 19]. We investigated if GST- [22, 23]. Genomic drc1 was modified to encode a pro-
tein with the 13myc epitope tag at its C terminus. TheseDrc1 arrested division by a similar mechanism. Cdc2
and the B-type cyclins Cdc13 and Cig2 coprecipitated cells had a normal growth rate and were not elongated,
indicating that the 13myc tag did not substantially alterwith GST-Drc1 expressed in fission yeast (Figure 3A).
To confirm that active Cdc2 associated with GST-Drc1, Drc1 function. Immunofluorescence microscopy de-
tected Drc1-13myc as a nuclear protein in cells at allGST-Drc1 complex was incubated with 32P-ATP in ki-
nase assay buffer. This assay resulted in extensive stages of the cell cycle (Figure 3C). The cdc10-M17
mutation was used to synchronize cells at the G1-Sphosphorylation of GST-Drc1 (Figure 3B). Phosphory-
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Figure 3. Drc1 Is a Nuclear Protein that Asso-
ciates with Active Cdc2 and Is Phosphory-
lated during S Phase
(A) AL1853 (nmt1-GST; lane 1) and EN2857
(nmt1:GST-drc1; lane 2) were cultured in –B1
media for 28 hr. GST and GST-Drc1 were pre-
cipitated with GSH-Sepharose and immu-
noblotted with antisera to GST (top panel),
Cdc2 (second panel), Cdc13 B-type cyclin
(third panel), and Cig2 B-type cyclin (bottom
panel). Most of GST-Drc1 appears to be de-
graded in vivo.
(B) Kinase assays with GST-Drc1 precipitant
were performed with or without GST-Rum1.
Radiolabeled proteins were detected after gel
electrophoresis.
(C) PS2659 (drc1-13myc) cells stained with
myc monoclonal antibody and analyzed by
immunofluorescence photomicroscopy. DNA
was stained with DAPI.
(D) EN2856 (cdc10-M17 drc1-13myc) cells
were cultured at 36C for 4.5 hr (G1) to arrest
in G1 phase and then incubated at 25C for
60 min (S) to allow entry into S phase. Drc1-
13myc was immunoprecipitated and left un-
treated or incubated with  phosphatase
(PPase) in the absence or presence of phos-
phatase inhibitors prior to immunblotting.
DNA content was analyzed by flow cytometry.
boundary [24]. Immunoblot analysis showed upon tran- indicated that Cdc2 phosphorylated multiple CDK con-
sensus sites in GST-Drc1M.sit from G1 to S phase, Drc1-13myc was converted from
a faster migrating electrophoretic form into multiple spe- To evaluate if Drc1 is phosphorylated at CDK motifs
in vivo, we compared the electrophoretic mobility pat-cies that had reduced electrophoretic mobility (Figure
3D). Phosphatase treatment converted both the G1 and terns of Drc1-13myc and Drc1CD5A-13myc expressed in
cells that also expressed drc1 . Drc1CD5A migrated fasterS phase forms of Drc1-13myc into the same faster mobil-
ity species (Figure 3D). Cell cycle regulation of Drc1 than wild-type Drc1 (Figure 4B). Addition of  phospha-
tase converted Drc1CD5A into a faster electrophoreticphosphorylation was further investigated by synchroniz-
ing a culture by centrifugal elutriation. Appearance of species that migrated at the same position as wild-type
Drc1 treated with  phosphatase. These data showedthe hypophosphorylated form of Drc1 coincided with
the rise in septation index (see Supplementary Figure that the CD5A mutations did not alter the electrophoretic
mobility of unphosphorylated Drc1, although it cannotS1 available with this article online), which marks the
brief period of G1 phase in fission yeast. Thus, Drc1 be formally excluded that the CD5A mutations affect
conformational changes that occur as the result of phos-appears to be phosphorylated in G1 phase, presumably
by a protein kinase other than Cdc2, and then Drc1 is phorylations at other positions. The most straightfor-
ward interpretation of the data is that CD5A mutationsadditionally phosphorylated during S phase when Cdc2
is activated. eliminate sites phosphorylated by Cdc2.
These findings provided strong evidence that Cdc2To address further whether Drc1 is an in vitro sub-
strate of Cdc2, we expressed the middle portion of Drc1 phosphorylates Drc1 at the onset of S phase. To evalu-
ate the functional importance of these phosphoryla-(Drc1M) that contains the CDK consensus sites as a
GST fusion protein in bacteria and performed kinase tions, each of the single phosphorylation site mutants
and Drc1CD5A were expressed in the drc1::kanr strainassays with immunoprecipitated Cdc2. GST-Drc1M was
readily phosphorylated by Cdc2 (Figure 4A). A large frac- transformed with a plasmid that had drc1 and the
counterselectable TK marker. Drc1CD5D and Drc1CD5E con-tion of the phosphorylated GST-Drc1M migrated with
reduced electrophoretic mobility. At least three distinct structs were also expressed in this strain, because
charged amino acids such as aspartic acid (D) and glu-forms of slower mobility GST-Drc1M were detected, in-
dicating phosphorylation at multiple sites. To determine tamic acid (E) can sometimes partially mimic phosphory-
lated serine or threonine. All of the single mutant forms ofif the CDK motifs were required for Drc1 phosphoryla-
tion, the threonine or serine codons corresponding to Drc1 rescued drc1::kanr (Figure 4C). In contrast, Drc1CD5A
failed to complement the drc1::kanr mutation (FigureT60, T74, S87, T99, and T154 were mutated to alanine
to form the GST-Drc1MCD5A construct. Cdc2 phosphory- 4C). Loss of the plasmid containing drc1 in the
drc1::kanr drc1-CD5A strain generated elongated andlated GST-Drc1MCD5A, but the slower mobility forms of
GST-Drc1MCD5A were not generated (Figure 4A). Cdc2 cut cells that were similar to those observed in the Drc1
depletion experiment (data not shown). The ability ofdid not phosphorylate GST, hence phosphorylation of
GST-Drc1MCD5A probably occurred on the S/T-P sites in Drc1CD5A to rescue drc1-1 and drc2-2 temperature-sensi-
tive mutations was also tested by transforming thesethe Drc1 portion of the fusion protein. These findings
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Figure 4. Cdc2 Phosphorylation Sites Are Essential for Drc1 Activity
(A) GST-Drc1M, containing the 48–180 amino acid region of Drc1, or the same protein lacking five CDK phosphorylation site motifs (GST-
Drc1MCD5A), or GST were expressed in bacteria, purified, and phosphorylated with Cdc2 immunoprecipitated from fission yeast. Radiolabeled
proteins (left panel) and immunoblots of GST fusion proteins were detected after gel electrophoresis.
(B) Drc1-13myc (WT) or mutant protein lacking the five CDK phosphorylation site motifs (CD5A) were expressed in fission yeast, immunoprecipi-
tated, and treated with or without PPase prior to immunoblotting.
(C) Plasmids containing drc1 (WT) or each of the indicated CDK site point mutants were integrated into PS2679 (drc1::kanr [pDrc1-TK-Ade6]).
The strains expressing drc1-CD5A and drc1-P112S were unable to form colonies in FUdR media; therefore, these alleles encode inactive
proteins. (Note that drc1-P112S corresponds to a temperature-sensitive mutant of budding yeast drc1/sld2, but it is a nonconditional inactive
mutation in fission yeast Drc1.) Strains expressing drc1 or the CDK single-site mutants formed colonies.
(D) Temperature-sensitive drc1-1 and drc1-2 mutants, transformed with a plasmid containing drc1 or drc1-CD5A, were shifted from 25C to
36.5C and DNA content analyzed by flow cytometry. An S phase peak or shoulder (indicated by arrow), intermediate between 1C and 2C,
was detected in cells grown at 36.5C.
(E) Plasmids containing mutant drc1 were integrated into PS2679 (drc1::kanr [pDrc1-TK-Ade6]). The cells expressing drc1-CD5A were unable
to form colonies in FUdR media, whereas drc1-CD5D and drc1-CD5E and single-site mutants allowed growth in FUdR media. Flow cytometry
analysis of DNA content is also shown.
mutants with a plasmid containing drc1-CD5A. This partially bypassed by substitution of charged amino
acids.plasmid failed to rescue the drc1-1 and drc2-2 strains
on agar media (data not shown). When tested in liquid Budding yeast Drc1/Sld2 interacts with the replication
factor Dpb11 in yeast two-hybrid assays and whenmedia, incubation at restrictive temperature led to the
accumulation of cells with DNA content that was inter- cooverproduced in yeast or insect cells [5, 6]. Drc1/Sld2
overproduction suppresses the dpb11-1 temperature-mediate between 1C and 2C (Figure 4D). These data
confirmed that Drc1CD5A was unable to promote DNA sensitive mutation. Dpb11 has26% sequence identity
to fission yeast Cut5, a protein required for replicationreplication. In separate experiments, GST-Drc1CD5A was
shown to arrest division and to associate with Cdc2 and DNA damage checkpoints [25]. We investigated if
fission yeast Drc1 interacts with Cut5. A multicopy plas-(data not shown). Thus, Drc1CD5A retains the ability to
interact with Cdc2 but is unable to carry out its essential mid that contained drc1 partially rescued the cut5-
T401 temperature-sensitive phenotype (see Supple-function. Importantly, both Drc1CD5D and Drc1CD5E res-
cued the drc1::kanr mutation (Figure 4E). These cells mentary Figure S2). Drc1 and Cut5 displayed a positive
interaction in the yeast two-hybrid assay (Figure 5). Thewere moderately elongated and appeared to have diffi-
culty in progression through S phase (Figure 4E). These Cut5 amino-terminal “R1R2” domain, which contains
two copies of a BRCT repeat [26], was sufficient for thedata indicated that Drc1 is positively regulated by phos-
phorylation at CDK sites, and this requirement can be interaction with Drc1. The interacting sequence of Drc1
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Figure 5. Interaction between Cut5 and Drc1
Full-length Drc1 and Drc1M (residues 48–180) interacted with the Cut5 R1R2 region (amino acids 1–190) but not the R1 region (1–87). The
Drc1-CD5A mutations abolished interaction with Cut5. Interaction is indicated by growth of S. cerevisiae Y190 (MATa ura3-52 his3-200 ade2-
101 trp1-901 leu2-3,112 gal4 gal80 URA3::GAL1-LacZ cyhr2 LYS2::GAL1-HIS3) cells in media selective for histidine prototrophy.
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